In mitosis, chromosome, cytoskeleton, and organelle dynamics must be coordinated for successful cell division. Here, we present evidence for a role for Arf1, a small GTPase associated with the Golgi apparatus, in the orchestration of mitotic Golgi breakdown, chromosome segregation, and cytokinesis. We show that early in mitosis Arf1 becomes inactive and dissociates from Golgi membranes. This is followed by the dispersal of numerous Arf1-dependent peripheral Golgi proteins and subsequent Golgi disassembly. If Arf1 is kept in an active state by treatment with the small molecule H89 or expression of its GTP-locked form, intact Golgi membranes with bound peripheral proteins persist throughout mitosis. These cells enter mitosis but exhibit gross defects in chromosome segregation and cytokinetic furrow ingression. These findings suggest that mitotic Golgi disassembly depends on Arf1 inactivation and is used by the cell to disperse numerous peripheral Golgi proteins for coordinating the behavior of Golgi membranes, chromosomes, and cytoskeleton during mitosis.
T he mitotic cell must divide its nucleus and cytoplasm. Nuclear division involves several highly regulated processes including chromosome condensation, spindle maturation, chromosome alignment, and segregation (1) . Cytoplasmic division is less precise. It relies on partitioning or breakdown͞reassembly mechanisms for segregating protein assemblies, cytoskeletal elements, and membrane-bounded organelles (2) . How nuclear and cytoplasmic division is coordinated is not known.
Many membrane-bound organelles, including endoplasmic reticulum (ER) and mitochondria, remain intact in mitosis. However the Golgi apparatus, which functions at the crossroads of many membrane trafficking pathways within cells (3), reversibly disassembles (2) . One explanation for the disassembly is that it serves as a mechanism for equally partitioning the interconnected Golgi membrane system into daughter cells (4) . A different explanation, explored in this study, is that disassembly provides a mechanism for regulating the activity and location of signaling͞effector molecules that during interphase are peripherally associated with Golgi membranes.
The Golgi is known to be a platform for numerous cytoplasmic proteins with diverse cellular roles, including heterotrimeric G proteins, phosphatidylinositol 3-kinase, N-Ras, eNOS, tankyrase, cyclin B2, and Cdc42 (5-7). Golgi association of many of these molecules is regulated directly or indirectly by the small, Ras-like GTP binding protein known as Arf1 (6) , whose activity is required for maintenance of Golgi structure and function. Arf1 is recruited to Golgi membranes by a guanine nucleotide exchange factor (GEF) that converts Arf1-GDP to its GTPbound form (6, 8) . Activated Arf1 then binds effector molecules that regulate protein sorting͞trafficking within the Golgi (6) (7) (8) and that stimulate the recruitment of spectrin, actin, and other cytoplasmic proteins, including signaling molecules, onto Golgi membranes (5, 7) . When Arf1 is inactivated in cells by brefeldin A (BFA) treatment or expression of dominant-negative Arf1 mutants, Arf1 dissociates from Golgi membranes and peripherally associated Golgi components are released (6) , resulting in Golgi disassembly and retrograde transport of Golgi enzymes into the ER (9) .
The fate and activity of Arf1 in mitosis is not known but could potentially play a role in mitotic Golgi breakdown, because persistent inactivation of Arf1 through BFA treatment leads to Golgi disassembly (9) . Recently, Golgi disassembly caused by Arf1 inactivation in BFA-treated cells was shown to be blocked by pretreatment of cells with the small molecule H89, an inhibitor of PKA, and other kinases (10) . This finding prompted us in this study to investigate whether H89 could also inhibit mitotic Golgi disassembly and, if it could, to determine whether this inhibition was mediated through effects on Arf1.
As detailed below, we found that H89 treatment blocked mitotic Golgi disassembly because of the failure of Arf1 to become constitutively inactive in mitosis (a change in Arf1 that normally occurs early in mitosis). Expressing a constitutively active Arf1 mutant (Arf1[Q71L]) (11) also blocked mitotic Golgi breakdown and, as found for H89 treatment, caused incomplete segregation of mitotic chromosomes and inhibition of furrow ingression during cytokinesis. In investigating the basis of these mitotic defects, we found that several proteins that participate in chromosome segregation and cytokinesis are Arf1-dependent, peripheral Golgi proteins, suggesting that mitotic Arf1 inactivation serves to release these peripheral Golgi proteins so they can perform mitotic functions.
Methods
All plasmids have been described (12, 13) . Normal rat kidney (NRK) cells were synchronized with aphidicolin (see supporting information on the PNAS web site). Methods for time-lapse imaging, photobleaching, quantification, and fluorescence correlation spectroscopy are described in detail in the supporting information. ImmunoGold labeling was performed as reported (14) .
Results
Golgi disassembly in BFA-treated, interphase cells can be blocked by the small molecule H89 (10) . Given this effect, we asked whether H89 could also block the disassembly of the Golgi in mitosis. Synchronized NRK cells expressing the Golgi enzyme marker, galactosyltransferase-YFP (GalT-YFP), were treated with or without 50 M H89 shortly before mitotic entry, and the fate of the Golgi was visualized by time-lapse confocal imaging (Fig. 1A) .
In untreated cells, mitotic Golgi breakdown and reassembly followed a series of steps (15, 16) , including (i) lateral distension of the Golgi ribbon around the nuclear envelope in prophase, (ii) the appearance of scattered fragments in prometaphase, (iii) complete or nearly complete Golgi dispersal in metaphase, (iv) the reappearance of scattered fragments in telophase, and (v) the coalescence of Golgi fragments in cytokinesis ( Fig. 1 A, control) . H89 treatment blocked this process before step ii, with minor scattering and no dispersal of Golgi membranes observed at any stage of mitosis. The Golgi membranes in H89-treated cells segregated with mother and daughter centrosomes to opposite spindle poles ( Fig. 1 A, H89 Golgi), and cell entry and progression through mitosis occurred normally (86 Ϯ 5% of n ϭ 1,500 cells were in mitosis) ( Fig. 1 A, H89 DNA; also see supporting information). The effect of H89 treatment was most striking during metaphase, in which Ϸ80% of cells (n ϭ 50) exposed to H89 showed large intact Golgi membranes, whereas Ͻ10% of untreated cells (n ϭ 50) had any visible Golgi-like elements at all. At metaphase, the Golgi membranes in H89-treated cells appeared as well organized stacks of flattened cisternae based on correlative light-electron microscopy (14) of GalT-YFP-expressing cells (Fig. 1B) . No such structures were seen in electron micrographs of untreated metaphase cells; instead, GalT-YFP labeling was found within tubular vesicular membranes dispersed throughout the cell (Fig. 1C) . These results indicate that H89 treatment inhibits mitotic Golgi breakdown, as it does BFA-induced Golgi breakdown (10) , and this occurs without preventing cells from entering and progressing through mitosis.
Based on these findings, we followed two avenues of research. One involved an investigation into the molecular basis for the inhibition of mitotic Golgi breakdown by H89 treatment. The second involved an examination of the consequences of this inhibition for cell division.
To gain insight into the molecular basis for H89 treatment's inhibition of mitotic Golgi breakdown, we first considered whether mitotic Golgi breakdown occurs by a similar mechanism to that of BFA-induced Golgi breakdown, because both processes are inhibited by H89 treatment. Golgi disassembly caused by BFA treatment results from the persistent inactivation of the Arf1 GTPase (6) . This disassembly is due to BFA forming a noncompetitive complex with Arf1's guanine nucleotide exchange factor (GEF) (17) , which normally recruits Arf1 to membranes by converting Arf1 to an active GTP-bound state. Because Arf1 cannot be recruited to and activated at Golgi membranes in the presence of BFA, Arf1 and its effectors accumulate in the cytoplasm, leading to Golgi disassembly (5, 6) . Expression of the constitutively active form of Arf1, Arf1[Q71L] (11), which cannot hydrolyze its GTP, prevents BFA-induced Golgi disassembly by keeping activated Arf1 and its effectors on Golgi membranes. Given this effect, we tested whether Arf1[Q71L] expression could inhibit mitotic Golgi disassembly. Cells were cotransfected with Arf1[Q71L] and GalT-YFP, and Golgi membranes were examined during mitosis. Significantly, at all stages of mitosis, intact Golgi structures labeled with GalT-YFP were observed (Fig. 2) . The phenotype was similar to that observed in H89-treated cells (Fig. 1 A) , with Golgi membranes remaining as large structures that partitioned with centrosomes to opposite spindle poles. Thus, Golgi disassembly during mitosis is inhibited when Arf1 cannot undergo GTP hydrolysis and release from Golgi membranes.
These findings raised the possibility that mitotic Golgi breakdown resembled BFA-induced Golgi breakdown in involving the persistent inactivation of Arf1. During BFA treatment, Arf1's steady-state distribution on Golgi membranes (as a GTP-bound, active form) and in the cytoplasm (as a GDP-bound, inactive form) rapidly shifts to a single inactive population in the cytoplasm (8, 12) . This shift occurs because GTP-bound Arf1 can hydrolyze its GTP and dissociate from the Golgi but cannot exchange GTP͞GDP and rebind to the Golgi in the presence of BFA (6, 8, 12, 17) . To investigate whether a similar phenomenon occurs in mitotic cells, we looked for changes in the Golgi and cytoplasmic pool sizes of Arf1 by using a GFP-tagged version of Arf1 (Arf1-GFP) whose activity mirrors that of the endogenous protein (12). Significantly, the steady-state distribution of Arf1-GFP on Golgi membranes and in the cytoplasm began to change as soon as cells entered prophase, with Arf1-GFP's pool on the Golgi decreasing and its pool in the cytoplasm increasing (Fig. 3A , interphase and prophase). By metaphase, all of Arf1 was found dispersed in the cytoplasm (Fig. 3A, metaphase) . In telophase, Arf1-GFP began reassociating with Golgi membranes, and by cytokinesis, it had nearly reestablished its steady-state Golgi and cytoplasmic levels (Fig. 3A , telophase and cytokinesis). These changes in distribution were not due to de novo synthesis of Arf1-GFP, because no fluorescence recovered when all cellular fluorescence was photobleached (not shown). Thus, between prophase and metaphase, the subcellular distribution of Arf1-GFP shifts to a single population in the cytoplasm, suggesting that Arf1 is persistently inactive during metaphase.
To demonstrate that the cytoplasmic pool of Arf1-GFP in metaphase is, in fact, persistently inactive (as observed in BFA-treated cells) and unable to bind to dispersed mitotic membranes (e.g., vesicles), we performed FCS (ref. 18 ; see supporting information). This technique measures the effective diffusion coefficient, D, of individual fluorescent molecules in living cells (18) . If a fraction of Arf1-GFP at metaphase were active and bound to vesicles, FCS would detect this as a species of Arf1 that diffused slower (with a D characteristic of vesicles) than Arf1 that was inactive and unable to bind to membranes (which would diffuse with a D characteristic of a small cytoplasmic molecule). Our measurements revealed that Ͼ98% of Arf1-GFP molecules within metaphase cells had a D similar to that of free GFP expressed in these cells (Fig. 3B) . The D for a 40-nm bead (corresponding to the smallest vesicle in a cell) measured in PBS or extrapolated to the cytoplasm were Ϸ5 and Ϸ25 times smaller, respectively, than that of Arf1-GFP (Fig. 3B) . We concluded, therefore, that Arf1-GFP in metaphase cells is persistently inactive (i.e., GDP-bound) and unable to associate with Golgi membranes.
Conversion of Arf1 to a persistently inactive species in BFAtreated cells causes Arf1 effectors that are necessary for Golgi maintenance to redistribute into the cytoplasm, with Golgi disassembly occurring after this redistribution. To determine in mitotic cells whether conversion of Arf1 to a persistently inactive species, likewise, precedes mitotic Golgi disassembly, we coexpressed Arf1-CFP and GalT-YFP in NRK cells and monitored their distribution by time-lapse microscopy in cells progressing through mitosis (Fig. 3C) . The use of GalT-YFP, an integral Golgi membrane protein, allowed us to identify Golgi membranes independently of Arf1-CFP fluorescence and thereby to quantify Arf1-CFP's shift from an active form on Golgi membranes to an inactive form in the cytoplasm. Notably, 50% of the Golgi pool of Arf1-CFP shifted to the cytoplasm by the end of prophase, even though there was little change in the Golgi levels of GalT-YFP at this time. At metaphase and anaphase, both Arf1-CFP and GalT-YFP were dispersed throughout cells. In telophase and cytokinesis, GalT-YFP-enriched membranes reappeared and Arf1-CFP increased its association with these membranes gradually to levels found in interphase. These data indicate that in mitosis, inactive pools of Arf1 in the cytoplasm have significantly increased before Golgi disassembly occurs.
We next focused on the mechanism leading to the increase in Arf1's inactive cytoplasmic pool during prophase. This increase could be due to a decrease in Arf1's binding rate, an increase in Arf1's dissociation rate, or both. To distinguish between these possibilities, we looked for differences between the rates of Golgi association and dissociation of Arf1-GFP in prophase and interphase cells by using photobleaching and kinetic modeling techniques (see supporting information). Golgi fluorescence in Arf1-GFP-expressing cells was selectively photobleached, and the extent of fluorescence recovery onto Golgi membranes was measured over time in either prophase or interphase cells. We found that Golgi fluorescence recovered rapidly and completely in both interphase and prophase cells (Fig. 4A) , but the ratio of Golgi to cytoplasmic fluorescence of Arf1 that was reestablished after recovery in prophase cells was only one-third of that observed in interphase cells (Fig. 4B) . Using this data together with data on the relative abundances of Arf1-GFP in cytoplasmic and Golgi pools during prophase and interphase, we then calculated Arf1's rates of membrane binding and dissociation in prophase and interphase by kinetic modeling techniques. The estimated rate constants in NRK cells were 0.0051%⅐sec Ϫ1 for binding of cytoplasmic Arf1 to Golgi in interphase, 0.0018%⅐sec Ϫ1 for binding in prophase, 0.0203%⅐sec
Ϫ1
for dissociation in interphase, and 0.0227%⅐sec Ϫ1 for dissociation in prophase. These values were not affected by the degree of expression of exogenous Arf1-GFP over levels of endogenous Arf1 (see supporting information). Because Arf1's binding rate constant decreased 2.8-fold in prophase, whereas its dissociation rate constant remained essentially unchanged, the data suggest that the increase in Arf1's inactive, cytoplasmic pool in prophase is due to a reduced rate of Arf1 membrane binding. This binding rate presumably decreases still further as cells progress into metaphase, because Arf1 binding to Golgi membranes was completely inhibited by metaphase, with all Arf1 existing free in the cytoplasm (Fig. 3A) . Arf1-CFP and GalT-YFP were followed as they advanced through mitosis. A simple image-processing method involving two regions of interest (ROI) was used to quantify Golgi and non-Golgi pools of Arf1-CFP and GalT-YFP. One ROI was drawn around GalT-YFP-labeled structures and fragments (representing Golgi labeling), and the other ROI was drawn around the rest of the cell (representing non-Golgi labeling). During each stage of mitosis, the mean fluorescence intensity associated with the Golgi and non-Golgi ROIs was measured for both Arf1-CFP and GalT-YFP. The total Arf1-CFP fluorescence associated with the Golgi was expressed as a fraction of the total cellular fluorescence (i.e., the sum of the Golgi and non-Golgi contributions) and normalized to the initial interphase value. This procedure was repeated for GalT-YFP, and both were plotted. To gain insight into the molecular basis for the inhibition of Arf1 membrane binding in mitosis and to relate this to mitotic Golgi breakdown, we investigated the behavior of Arf1 in mitotic cells treated with H89 or expressing Arf1[Q71L], because these cells do not disassemble their Golgi in mitosis. We found that in H89-treated cells, Arf1-GFP remained associated with Golgi membranes throughout mitosis and showed no noticeable redistribution into the cytoplasm (Fig. 3D, metaphase) . The same result was observed in mitotic cells expressing Arf1[Q71L]-GFP (Fig. 3E, metaphase) where Arf1 GTP hydrolysis and release from membranes is inhibited.
To determine the basis for Arf1 retention on Golgi membranes in H89-treated, mitotic cells, we selectively photobleached Golgi fluorescence in Arf1-GFP-expressing, metaphase cells treated with H89 and then monitored fluorescence recovery into the Golgi region over time (Fig. 4C, H89 Arf1-GFP). Rapid recovery of Arf1-GFP into the photobleached area was observed, indicating that Arf1-GFP continued to exchange between Golgi and cytoplasmic pools in these cells. By contrast, similar photobleaching experiments performed in Arf1[Q71L]-GFP-expressing cells showed no fluorescence recovery into the Golgi region after photobleaching (Fig. 4C, Arf1Q71L-GFP) . This finding can be explained by Arf1[Q71L]-GFP being locked on Golgi membranes because of an inability to hydrolyze GTP. Thus, H89 treatment and Arf1[Q71L] expression use different mechanisms to maintain activated Arf1 and its effectors on mitotic Golgi membranes (Fig. 4D ). Whereas Arf1[Q71L] expression prevents Arf1 loss from the Golgi by locking activated Arf1 onto Golgi membranes, H89 treatment permits continued recruitment and release of Arf1 at the Golgi, suggesting that H89 treatment interferes with a mechanism in mitosis that normally inhibits Arf1 recruitment to Golgi membranes. Because this leads to the presence of activated Arf1 and its effectors on Golgi membranes, Golgi membranes do not disassemble during mitosis.
What are the consequences for cell division when Golgi disassembly is blocked by H89 treatment or Arf1[Q71L] expression in this manner? Under both conditions, Golgi structures can still segregate with centrosomes to opposite spindle poles ( Figs.  1 and 2 ). This finding indicates that Golgi breakdown is not necessary for Golgi partitioning into daughter cells. To determine whether the presence of intact Golgi structures in mitosis has effects on other mitotic processes, we examined mitotic cells treated with H89 or expressing Arf1[Q71L] (Fig. 5) . In these cells, most mitotic processes remained normal, including entry into mitosis, chromosome condensation͞decondensation, spindle formation, nuclear envelope breakdown, and endoplasmic reticulum (ER) exit site dissolution (see supporting information). However, in telophase the resolved sister chromatid pairs (data not shown) were pulled apart but remained attached at their ends in 84 Ϯ 4% of H89-treated mitotic cells (n ϭ 91), compared with 11 Ϯ 2% of untreated cells (Fig. 5A ). These cells also did not go on to form a contractile furrow; therefore, cytokinesis was inhibited (Fig. 5B) . Significantly, similar mitotic defects were observed in Arf1[Q71L]-expressing cells (75 Ϯ 12%, n ϭ 12) (Fig. 5C) .
These defects were directly due to the maintenance of activated Arf1 on intact Golgi structures in mitosis, rather than to independent effects of H89 treatment or Arf1[Q71L] expression. If Arf1 was inactivated and the Golgi was disassembled through BFA treatment before H89 treatment in late G 2 , subsequent observations of the cells revealed that 76 Ϯ 3% of cells (n ϭ 50) had normal chromosome segregation and 76 Ϯ 5% of this population had normal furrow ingression (Fig. 5 A and B,  BFAϩH89) . These results suggest that unless Arf1 is persistently inactive and the Golgi is disassembled during mitosis, chromosome segregation and cytokinesis cannot properly occur.
We next investigated why it is that in mitosis Arf1 needs to become persistently inactive and the Golgi needs to become disassembled for normal chromosome segregation and cytokinesis to proceed. A wide variety of cytoplasmic proteins with roles in interphase and mitosis are known to associate with Golgi membranes, including: coatomer (COPI), ankyrin, spectrin, tankyrase, cullin family members, some polo-like kinases, Nir2, myosinIIA, and cdc42 (19) (20) (21) (22) (23) (24) (25) . Many of these proteins have mitotic activities on chromatin, the spindle, and the cytoskeleton that require them to be in the cytoplasm during mitosis (19) (20) (21) (22) (23) (24) . Given this, one potential explanation for the observed mitotic defects is that persistent inactivation of Arf1 and Golgi disassembly are necessary for dispersing these proteins into the cytoplasm so they can perform their mitotic functions.
To explore this idea, we studied the changes in localization of several peripheral Golgi proteins during interphase and mitosis under different experimental conditions. In interphase, these proteins were concentrated at the Golgi (Fig. 6A, control  interphase) , as evidenced by their codistribution with Golgi markers (not shown) and their cytoplasmic release when the Golgi was disassembled by BFA treatment (Fig. 6A, BFA  interphase) . During metaphase, the peripheral proteins redistributed into the cytoplasm (Fig. 6A, control metaphase) and were no longer membrane-associated (not shown).
To determine whether these peripheral Golgi proteins depended on Arf1 activity for their normal Golgi association, we examined whether they dissociated from the Golgi before Golgi disassembly during BFA treatment, because Arf1 inactivation and membrane dissociation precedes Golgi disassembly under these conditions. All of the proteins dissociated from Golgi membranes after short BFA treatment (3 min, i.e., before Golgi disassembly), suggesting that their membrane association depended on Arf1 GTPase activity (Fig. 6B) .
We next tested whether Arf1 inactivation is responsible for the cytoplasmic redistribution of proteins in mitosis. Two observation were consistent with this possibility. First, we observed that in prophase the fraction of these proteins (including Myo II, COPI, and tankyrase) associated with the Golgi decreased, in contrast to resident enzymes [GalT and Mann II (not shown)] (Fig. 6C) . This decrease occurred at the same time that Arf1 became persistently inactive and redistributed into the cytoplasm during mitosis. Second, and more significantly, when Arf1 redistribution into the cytoplasm was inhibited during mitosis through H89 treatment, the peripheral Golgi proteins remained associated with Golgi membranes throughout mitosis (Fig. 6A, H89 )
Discussion
Our data suggest that mitotic Golgi disassembly is regulated by Arf1 and serves to disperse peripheral Golgi proteins, which, in turn, assist in chromosome segregation and cytokinesis. In this model (Fig. 4D) , Arf1 recruitment to Golgi membranes is inhibited early in mitosis by interference in its conversion to an active, GTP-bound state. Arf1-dependent peripheral proteins are then unable to be recruited from the cytoplasm on to Golgi membranes and, therefore, the Golgi disassembles. A consequence is the cytoplasmic redistribution of other peripheral Golgi proteins that help coordinate mitotic processes, including chromosome segregation and cytokinesis. As discussed below, this model and its supporting data shed new light on the molecular mechanisms of mitotic Golgi breakdown, the roles of Arf1 effectors during mitosis, and the mitotic functions of different Golgi inheritance strategies.
Mechanistic studies of mitotic Golgi breakdown up until now have focused on mitosis-dependent phosphorylation of Golgi matrix and structural proteins by MEK1 and Cdc2 kinases (26, 27) . In in vitro experiments, these kinases have been suggested to act sequentially in orchestrating mitotic Golgi breakdown, with MEK1 activity involved in the initial fragmentation of the Golgi and Cdc2 kinase activity involved in the conversion of fragments into smaller membrane elements and vesicles (27, 28) . The data in this paper provide evidence for an additional mechanism for controlling mitotic Golgi breakdown that involves the inactivation of Arf1, a GTPase that is a key regulator of Golgi structure (6) .
Evidence for a role of Arf1 inactivation in Golgi disassembly was threefold. First, direct observations of Arf1-GFP in living cells progressing through mitosis revealed that Arf1-GFP shifted its distribution into the cytoplasm between prophase and metaphase, and this redistribution began before Golgi structures had disassembled and dispersed. Second, FCS measurements demonstrated that Ͼ98% of Arf1-GFP molecules in the cytoplasm of metaphase cells were freely diffusing as small molecules rather than attached to membranes, as expected if Arf1-GFP existed in an inactive, GDP-bound form. Third, and most significantly, preventing Arf1 from being persistently inactive in mitosis, either by H89 treatment or Arf[Q71L] expression, blocked the mitotic breakdown of the Golgi apparatus.
Given these results, how does the role of Arf1 relate to that of MEK1 or Cdc2 kinases in regulating mitotic Golgi breakdown? H89 treatment or Arf1[Q71L] expression inhibited the scattering and subsequent cytoplasmic dispersal of Golgi membranes, but Golgi membranes still segregated by coordinated movement with mother and daughter centrosomes to opposite spindle poles. Because downstream effects of MEK1 and Cdc2 kinases appeared normal under these conditions (e.g., cells entered mitosis, and the spindle apparatus formed), the observed ordered Golgi movement in association with centrosomes could be orchestrated by the activities of these kinases. This possibility remains to be tested. The fact that Golgi membranes in these cells did not undergo further breakdown (i.e., dispersal) implies that MEK1 and Cdc2 kinase activities are insufficient to mediate later steps in the overall mitotic Golgi breakdown process when activated Arf1 still associates with Golgi membranes.
How Arf1 becomes persistently inactive in mitotic cells is an important topic for future investigations. Our data suggest that it involves the inhibition of GTP exchange on Arf1 at Golgi membranes because Arf1's association (but not dissociation) rate was inhibited at the time Arf1 redistributed off Golgi membranes in prophase. Because Arf1's association and dissociation rates remained unchanged between interphase and metaphase in H89-treated cells, it is possible that H89 interferes directly with the mitotic factor(s) involved in preventing Arf1 binding to membranes.
Associated with Golgi membranes are a wide variety of cytoplasmic proteins whose functions are necessary for DNA replication, chromosome condensation, segregation, and cytokinesis (19) (20) (21) (22) (23) (24) (25) . The inactivation of Arf1 early in mitosis could serve to release such components into the cytoplasm in a timely way so that they can carry out their respective mitosis-related activities (Fig. 4D) . Consistent with this, when we blocked Arf1 inactivation by H89 treatment or Arf1[Q71L] expression, membrane dissociation of many peripheral Golgi proteins was prevented and two key events of mitosis, chromosome segregation and cytokinesis, were abnormal. These abnormalities were directly dependent on Arf1 activity and its downstream effects because BFA addition, which specifically inactivates Arf1, before H89 treatment prevented these defects.
In mitosis, organelles partition between daughter cells either by an ordered or a stochastic process (4). Our ability to inhibit mitotic Golgi disassembly allowed us to demonstrate that the Golgi can follow either pathway in mammalian cells. Under normal conditions, a stochastic inheritance process is followed with dispersed Golgi membranes partitioning between daughter cells (15, 16) . Under conditions in which Golgi disassembly is inhibited, however, an ordered pathway is followed involving the tracking of Golgi elements with centrosomes. The latter pathway resembles that found in plant and simple eukaryotic cells, which do not disassemble their Golgi in mitosis (29, 30) .
Given that the Golgi readily partitions into daughter cells without undergoing disassembly, why do mammalian and other higher eukaryotic cells disassemble their Golgi in mitosis? Our data suggest they do so not for Golgi partitioning, but for the coordination of other events in mitosis, including chromosome segregation and cytokinesis. The membranes of the Golgi serve as a scaffold for a diverse population of cytoplasmic proteins. Many of these proteins, as shown here, are regulated by Arf1. The inactivation of Arf1 in mitosis, therefore, provides a means for redistributing these proteins into the cytoplasm so that they can perform their mitotic functions.
